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SUMMARY 
S o i l  samples, collected 0.5 t o  3 km from t h e  T i t a n  I11 Launch Complex 40 a t  Cape 
Canaveral ,  F l o r i d a ,  w e r e  f r a c t i o n a t e d  and ana lyzed  i n  order t o  assess the p h y s i c a l  
and chemical  i n t e r a c t i o n s  of e n t r a i n e d  so i l  w i t h  s o l i d - r o c k e t  e x h a u s t  c l o u d s  con- 
t a i n i n g  HC1. The sandy s o i l  c o n s i s t e d  p r i m a r i l y  of q u a r t z  ( s i l i c a )  par t ic les ,  
30 to  500 pn i n  d i a m e t e r ,  b u t  t h e  l a r g e r - s i z e  f r a c t i o n s  a l so  c o n t a i n e d  s e v e r a l  
p e r c e n t  of s e a s h e l l  f ragments .  D i f f e r e n t i a l  and cumula t ive  soil-mass s i z e  d i s t r i b u -  
t i o n s  are p r e s e n t e d  a l o n g  w i t h  estimated s e d i m e n t a t i o n  l i f e t i m e s ,  mineralogy,  e k -  
mental  composi t ions ,  and s o l u t i o n  p H  h i s t o r i e s  o b t a i n e d  d u r i n g  s e q u e n t i a l  t i t r a t i o n  
of s o i l - f r a c t i o n  s l u r r i e s  w i t h  aqueous HC1. About 90 p e r c e n t  of t h e  s o i l  m a s s  con- 
sisted of p a r t i c l e s  w i t h  a d iameter  g r e a t e r  t h a n  165 p. I n i t i a l l y ,  a l l  f r a c t i o n s  
w e r e  s l i g h t l y  a l k a l i n e .  Characteristic r e a c t i o n  t i m e s  w i t h  H C l ( a q )  v a r i e d  from a few 
minutes t o  s e v e r a l  days ,  and capacit ies f o r  r e a c t i o n  under  a c i d i c  c o n d i t i o n s  v a r i e d  
from > I O  t o  >40 g HCl/kg s o i l ,  depending on p a r t i c l e  s i z e .  Airborne l i f e t i m e s  of 
par t ic les  g r e a t e r  t h a n  165 p are c o n s e r v a t i v e l y  less t h a n  30 min, and t h i s  major 
grouping  i s  p r e d i c t e d  t o  r e p r e s e n t  a s m a l l  shor t - te rm chemica l  s i n k  f o r  HC1 ( 5  per- 
c e n t  of t o t a l  H C 1 ) .  The smaller and more minor f r a c t i o n s  (less than  10 p e r c e n t  w i t h  
a d iameter  less than  165 p) must also be cons idered ,  s i n c e  they  may ac t  as g i a n t  
c loud  condensa t ion  n u c l e i  ( l a r g e r  t h a n  50 p) over  much l o n g e r  a i r b o r n e  l i f e t i m e s ,  
and w i t h  d e c r e a s i n g  s i z e  t h e i r  r e a c t i v e  c a p a c i t y  i n c r e a s e s  i n  both  ra te  and e x t e n t .  
F i n a l l y ,  t h e  demonstrated t i m e  dependency of n e u t r a l i z a t i o n  ( o r  b u f f e r i n g )  i s  a c o m -  
p l i c a t i n g  f a c t o r .  This time-dependent n e u t r a l i z a t i o n  n o t  on ly  i n f l u e n c e s  t h e  a b i l i t y  
t o  deduce in-cloud H C 1  scavenging wi th  r e a c t i o n  p r i o r  t o  d r y  or w e t  d e p o s i t i o n  b u t  
it a l s o  a f f e c t s  t h e  accuracy  of measured chemical  composi t ions  of n e a r - f i e l d  w e t  
d e p o s i t i o n  o c c u r r i n g  d u r i n g  t h e  f i r s t  few minutes and l a s t i n g  up t o  s e v e r a l  h o u r s .  
Thus, f o r  s e v e r a l  r e a s o n s ,  e n t r a i n e d - s o i l  par t ic les  can i n f l u e n c e  t h e  composi t ion and 
environmental  impact of s o l i d - r o c k e t  e x h a u s t  c l o u d s .  
INTRODUCTION 
Large,  b u t  very  i m p r e c i s e l y  known, q u a n t i t i e s  of sandy s o i l  (e.g. ,  10 t o  
50 metric t o n s )  a t  t h e  Air  Force C a p e  Canaveral  launch s i tes  f o r  T i t a n  I11 are 
e n t r a i n e d  i n t o  each sol id-rocket-motor  (SRM) e x h a u s t  c l o u d  and t h e n  t r a n s p o r t e d  
downwind u n t i l  d r y  or w e t  d e p o s i t i o n  occurs .  The e n t r a i n m e n t  i n i t i a l l y  o c c u r s  as a 
r e s u l t  of h i g h - v e l o c i t y  plume impingement i n  t h e  pad-flame t r e n c h  area, and it 
subsequent ly  o c c u r s  as a r e s u l t  of h igh  s u r f a c e  winds c h a r a c t e r i z e d  as " f i r e  storm" 
c o n v e c t i v e  e f f e c t s .  (See ref .  1 .) The e n t r a i n e d - s o i l  particles i n  t h e  d r y  s t a t e  
w i l l  c o a g u l a t e  and scavenge alumina-exhaust  p a r t i c l e s .  (See  ref. 2.) Simulta-  
neously,  t h e y  w i l l  s e t t l e  a t  r e l a t i v e l y  h igh  rates, compared w i t h  t h e  smaller alumina 
particles,  t h u s  l e a d i n g  t o  r e a d i l y  measurable d r y  or w e t  d e p o s i t i o n  downwind. (See 
refs. 3 t o  6.) The s e d i m e n t a t i o n  rate depends on par t ic le  agglomerate  s i z e ,  d e n s i t y ,  
and shape. The s o i l  par t ic les  can  a lso s e r v e  e f f e c t i v e l y  as g i a n t  c loud condensa t ion  
n u c l e i  ( r e f s .  7 and 8), and t h e y  may react chemica l ly ;  t h a t  is, t h e y  may scavenge and 
react w i t h  gaseous and aqueous HC1 aerosol d u r i n g  s e d i m e n t a t i o n ,  and t h e n  react 
f u r t h e r  w i t h  available acid a f t e r  w e t  d e p o s i t i o n .  S i g n i f i c a n t  a d s o r p t i o n  o c c u r s  even 
i n  t h e  case of q u a r t z  ( s i l i c a )  particles.  (See r e f s .  9 t o  11. ) 
I '  
The p r e s e n t  paper  provides basic d a t a  on t h e s e  s o i l  p a r t i c u l a t e s  and an  
assessment  of t h e  p r i n c i p a l  p h y s i c a l  and chemical  p r o c e s s e s  t h a t  occur  d u r i n g  and 
a f t e r  a launch.  S p e c i f i c a l l y ,  it summarizes e f f o r t s  to  ( a )  c h a r a c t e r i z e ,  wi th  a 
g r a v i m e t r i c  s i e v i n g  technique ,  t h e  s i z e  d i s t r i b u t i o n s  of Cape Canaveral  s o i l  and a 
post launch-pad-debris  sample, both of which w e r e  o b t a i n e d  n e a r  a T i t a n  I11 Launch 
Complex (LC-40), and t o  (b)  measure t h e  n e u t r a l i z i n g  capacities of c l a s s i f i e d  s o i l  
par t ic le  f r a c t i o n s  by t i t r a t i o n  of aqueous suspens ions  w i t h  HC1. The d a t a  are t h e n  
used t o  assess d i f f e r e n t i a l  par t ic le  s e t t l i n g ,  par t ic le  s i z e  and time-dependent reac- 
t i o n  e f f e c t s  i n  aqueous HC1, and the probable o v e r a l l  e f f e c t s  of s o i l  p a r t i c u l a t e s  i n  
T i t a n  I11 SRM e x h a u s t  c l o u d s .  Although some of t h e  aforementioned r e s u l t s  w e r e  sum- 
marized r e c e n t l y  i n  c o n j u n c t i o n  w i t h  o t h e r  chemical  s t u d i e s  of the s o i l  and s i l i c a  
samples ( ref .  1 2 ) ,  t h e  p r e s e n t  paper  documents t h e  complete set of r e s u l t s  o b t a i n e d  
by t h e  Langley Research Center .  
SYMBOLS 
d s o i l  par t ic le  d iameter  
P 
s i e v e  mesh s i z e  
F cumula t ive  mass f r a c t i o n  
m ( H C 1 )  m o l a r i t y  of aqueous HC1, mole H C l / l i t e r  
dS 
m 
PH measure of a c i d i t y  due t o  H + ( a q ) ;  d e f i n e d  f o r  a n  i d e a l i z e d  s o l u t i o n  o f  
f u l l y  d i s s o c i a t e d  H C l ( a q )  by laglO[l /m(HC1)]  
i n c r e m e n t a l  mass f r a c t i o n  
par t ic le  d e n s i t y  
hxm 
pP 
Abbrevia t ions  : 
K S  C Kennedy Space Center  
LC-40 Launch Complex 40 
SRM s o l i d  r o c k e t  motor 
COLLECTION AND FRACTIONATION OF SOIL SAMPLES 
R e p r e s e n t a t i v e  samples of t h e  topmost l a y e r  of sandy s o i l  and a lso a pos t launch-  
pad-debris  sample w e r e  c o l l e c t e d  a t  Cape Canaveral ,  F l o r i d a ,  i n  t h e  v i c i n i t y  of t h e  
T i t a n  I11 launch s i t e ,  LC-40. The s o i l  samples (denoted  as KSC) w e r e  o b t a i n e d  d u r i n g  
moni tor ing  a c t i v i t i e s  of T i t a n  I11 e x h a u s t  e f f l u e n t s  on March 11-12, 1975, f o r  s o i l  
and on August 20, 1977, f o r  pad d e b r i s .  Three of t h e  f o u r  s o i l  samples w e r e  t a k e n  
approximate ly  downstream of  t h e  h o r i z o n t a l  flame t r e n c h ,  and t h e  f o u r t h  w a s  c o l l e c t e d  
3 km t o  t h e  s o u t h ,  o u t s i d e  t h e  i n f l u e n c e  of t h e  flame t r e n c h .  S o i l  samples w e r e  
o b t a i n e d  by s c r a p i n g  t h e  t o p  few m i l l i m e t e r s  of  an  u n o b s t r u c t e d  f l a t  3-m2 area. S o i l  
sample 1 w a s  t a k e n  approximate ly  550 m from t h e  LC-40 pad i n  a n  ENE d i r e c t i o n  a t  70° 
f r o m  due nor th .  S o i l  samples 2 t o  4 w e r e  o b t a i n e d  a t  t h e  f o l l o w i n g  l o c a t i o n s :  790 m 
2 
a t  73O, 700 m a t  65O, and 2930 m a t  180°, r e s p e c t i v e l y .  A l l  t h e  s o i l  samples are 
b e l i e v e d  t o  c o n t a i n  l o c a l l y  dredged river s o i l  t h a t  w a s  o r i g i n a l l y  used i n  t h e  e a r l y  
1960’s  t o  b u i l d  up t h e  outer-cape launch-complex areas ( a c c o r d i n g  t o  communication 
w i t h  C l a i r  W. B e m i s s  of t h e  Kennedy Space C e n t e r ) .  S o i l  sample 1 is c o n s i d e r e d ,  
because of i t s  l o c a t i o n ,  the most r e p r e s e n t a t i v e  of t h e  s u r f a c e  s o i l  and accumulated 
d e b r i s  which t y p i c a l l y  becomes a i r b o r n e  d u r i n g  a launch from LC-40 as t h e  r e s u l t  of 
f lame-trench plume-impingement and c loud  rise dynamics. For t h i s  reason,  particle- 
s i z e  d i s t r i b u t i o n s  and a c i d  t i t r a t i o n s  w i t h  pH measurements w e r e  focused p r i m a r i l y  on 
s o i l  sample 1. 
The pad-debris  sample w a s  o b t a i n e d  by pos t launch  vacuuming of a p r e s e l e c t e d  3-m 2 
area, on t h e  c o n c r e t e  pad of LC-40, which had been vacuumed c l e a n  j u s t  p r i o r  t o  
launch. The purpose of t h e  pad sample w a s  to  provide  a f i rs t  c h a r a c t e r i z a t i o n  of t h e  
a i r b o r n e  d e b r i s  which t y p i c a l l y  d e p o s i t s  i n  t h e  immediate v i c i n i t y  of t h e  launch 
si te.  
Each s o i l  and pad-debris sample w a s  c l a s s i f i e d  i n t o  14 s i z e  c a t e g o r i e s  by u s i n g  
a m u l t i s t a g e  c a l i b r a t e d - s c r e e n  s i f t i n q  technique  (a s o n i c a l l y  v i b r a t e d  s i f t e r ) .  Two 
s e q u e n t i a l  m u l t i s c r e e n  p r o c e s s i n g  steps, each s e v e r a l  minutes  long, w e r e  used t o  
c l a s s i f y  t h e  l a r g e r -  and s m a l l e r - s i z e  groupings.  The subsamples r e t a i n e d  on each  
s c r e e n  w e r e  t r a n s f e r r e d  t o  weighinq paper ,  massed on a n  a n a l y t i c a l  ha lance ,  and t h e n  
photomicrographed. Conserva t ion  of sample mass w a s  demonstrated a f t e r  f r a c t i o n a t i o n .  
RESULTS 
C h a r a c t e r i z a t i o n  of F r a c t i o n s  
The r e s u l t i n q  raw-mass-retention d a t a  f o r  KSC s o i l  sample 1 are shown on a loq- 
log  p l o t  i n  f i g u r e  1 .  Note t h a t  f o r  s i e v e  mesh s i z e  ds, t h e  l o g a r i t h m i c  s i z e -  
i n t e r v a l  spac ings  f o r  d, > 149 p d i f f e r  from t h a t  for  d, < 149 p. This  w a s  a 
c h a r a c t e r i s t i c  of t h e  s c r e e n  set used. 
R e s u l t s  of an  independent  f r a c t i o n a t i o n  and m i n e r a l o g i c a l  a n a l y s i s  of sample 2 
are shown i n  t a b l e  I. (See r e f s .  9, IO, and 1 2 . )  The sample i s  obvious ly  h e t e r o -  
geneous i n  composi t ion s i n c e  it c o n s i s t s  of q u a r t z ,  m i c a ,  f e l d s p a r ,  heavy m i n e r a l s ,  
o r g a n i c  matter, and c l a y .  The par t ic le  s i z e s  ranqe f r o m  smaller than 2 pm to  l a r g e r  
t h a n  1000 p. It is noted that  88 p e r c e n t  of t h e  medium-sand f r a c t i o n  i s  q u a r t z .  
S i g n i f i c a n t  q u a n t i t i e s  of s e a s h e l l  f raqments  w e r e  a l s o  observed i n  t h e  f ine- to-coarse  
p a r t i c l e - s i z e  f r a c t i o n s .  
Power-Law Cumulative Soil-Mass D i s t r i b u t i o n s  
The d i s t r i b u t i o n s  f o r  normalized cumulat ive m a s s  f r a c t i o n  F, f o r  s o i l  sample 1 
and  t h e  post launch-pad-debris  sample are p l o t t e d  on log-log coordinates i n  f i q u r e  2. 
Simple s t r a i g h t - l i n e  p o w e r - l a w  f i t s  are shown to  be a c c u r a t e  r e p r e s e n t a t i o n s  of  Fm 
as a f u n c t i o n  of p a r t i c l e  d iameter  dp over t h e  range of 37 < dp < 200 pm, b u t  
t h e y  are t o t a l l y  i n a d e q u a t e  f o r  d > 200 p. For s o i l  sample 1 o n l y  about  one part  
i n  I O 4  ( b y  m a s s )  i s  smaller  t h a n  35 pm. 
pad d e b r i s  is one p a r t  i n  250. Photomicrographs of the pad-debris  sample c o n t a i n e d  
i n  t h e  f i n a l  s i f t  bag (d < 37 pn) i n d i c a t e d  a l a r q e  p o r t i o n  of a lumina- l ike  s p h e r e s  
( ~ 5 0  p e r c e n t  by number) which f e l l  a lmost  e x c l u s i v e l y  w i t h i n  t h e  s i z e  range from 
5 to  20 pn. (Smal le r  s p h e r e s  a t t a c h e d  t o  s o i l  p a r t i c l e s  w e r e  a lso observed b u t  
w e r e  n o t  i n c l u d e d  i n  t h e  50 p e r c e n t  estimate.) The observed d i f f e r e n c e  between t h e  
The comparable mass abundance f o r  p o s t l a u n c h  
P 
3 
TABLE I.- FRACTIONATION AND MINERALOGICAL A N A L Y S I S  OF THE 
SAND FRACTION O F  SAMPLE 2a 
I 
( a )  F r a c t i o n a t i o n  a n a l y s i s  
The m o s t  active f r a c t i o n  is t h e  o r g a n i c  matter 
and c l a y .  The c l a y  is  composed of 2:l i n t e r -  
s t r a t i f i e d  m i n e r a l s  such as k a o l i n i t e ,  gibbsite,  
and q u a r t z  
. .. - .. 
F r a c t i o n  
Organic matter 
Clay 
S i l t  




Very coarse sand 
T o t a l  
(2 
50 to  2 
105 t o  50 
250 to  105 
500 t o  250 
1000 t o  500 
>loo0 
~ 
.. . .. . . . 
-. 











(b) M i n e r a l o g i c a l  a n a l y s i s  
1 m i n e r a l s  are m i n e r a l s  wi th  a s p e c i f i c  g r a v i t y  g r e a t e r  t h a n  2.86. They i n c l u d e  e p i d o t e ,  hornblende,  z i r c o n ,  apat i te ,  tourmal ine ,  magnet i te ,  and i l m e n i t e  
Iyn I?-  S i z e  range, 
500 t o  250 
.. 
105 t o  50 
. .~ -. . . . 
Minera l  
Quartz 
Mica 
H e a v y  m i n e r a l s  
Other 
Quartz 
Fe ldspar  
Mica 











a D a t a  w e r e  o b t a i n e d  from r e f e r e n c e s  9, IO, and 12 af te r  
;o i l  sample 2 w a s  s p l i t  for  a n a l y s i s .  
4 
r e s p e c t i v e  F, v a l u e s  a t  dp < 100 pn i s  c o n s i s t e n t  w i t h  t h e  presence  of SRM- 
d e r i v e d  alumina i n  t h e  post launch-pad-debris  sample. 
Log-Parabol ic  D i f f e r e n t i a l  and Cumulative Soil-Mass D i s t r i b u t i o n s  
S i n c e  d e t a i l e d  c a l c u l a t i o n s  of s o i l - p a r t i c l e  s e d i m e n t a t i o n  wi th  c o a g u l a t i o n  
r e q u i r e  a comprehensive c h a r a c t e r i z a t i o n  of t h e  mass-size d i s t r i b u t i o n  e x t e n d i n g  
beyond 200 pn, the d a t a  on a l l  f o u r  s o i l  samples w e r e  ana lyzed  t o  f i n d  a s a t i s f a c t o r y  
a v e r a g e - d i s t r i b u t i o n  f u n c t i o n .  R e c a l l  f i r s t  that t h e  r a w  d a t a  i n  f i g u r e  1 are n o t  
normalized t o  m a s s  f r a c t i o n  and, fur thermore ,  do n o t  r e p r e s e n t  a c o n s i s t e n t  d i f f e r -  
e n t i a l  d i s t r i b u t i o n  s i n c e  the s i e v e - s i z e  i n t e r v a l  changed a t  149 p. Thus, t h e  
i n c r e m e n t a l  mass- re ten t ion  d a t a  on a l l  f o u r  s o i l  samples w e r e  f i r s t  normalized t o  
i n c r e m e n t a l  m a s s  f r a c t i o n  r e t a i n e d  p e r  u n i t  of l o g a r i t h m i c  s i z e  i n t e r v a l  
o r i g i n a l l y  a p p l i e d  for  d < 149 pn, and is  expressed  as 
Adp, which 
P 
M P =(v- 1). P 
The r e s u l t a n t  normalized d i f f e r e n t i a l  mass- f rac t ion  d a t a  f o r  a l l  f o u r  s o i l  
samples are shown i n  f i g u r e  3. The c o l l e c t i v e  d a t a  f o r  t h e  two or t h r e e  smallest  
p a r t i c l e - s i z e  f r a c t i o n s  s u g g e s t  t h a t  t h e r e  i s  an  a p p a r e n t  c u r v a t u r e  o r  " t a i l i n g "  i n  
t h e  d a t a .  S ince  t h i s  t a i l i n g  can be cons idered  ( a )  c o n s i s t e n t  wi th  a log-normal 
d i s t r i b u t i o n ,  ( b )  t h e  heqinninq of a t r a n s i t i o n  t o  t h e  smaller par t ic le  mode of a 
bimodal d i s t r i b u t i o n ,  o r  (c)  due t o  s y s t e m a t i c  e x p e r i m e n t a l  error, a simple log-  
p a r a b o l i c  d i s t r i b u t i o n  f u n c t i o n  w a s  chosen t o  f i t  t h e  d a t a  i n i t i a l l y .  Therefore ,  a 
t r i a l - a n d - e r r o r  b e s t - f i t  normalized f u n c t i o n  is f a i r e d  throuqh t h e  d a t a  i n  f i q u r e  3, 
and t h e  cor responding  e x p r e s s i o n  f o r  i n c r e m e n t a l  m a s s  f r a c t i o n  of s o i l  AXm, w i t h  
par t ic le  s i z e  between dp and d p  + Adp, is  q iven  by 
2 
log,  0 [axm] = loq 10 [v- l)dp 21 = a + bz + cz  
where z = log lO(dp/ l  p), which is  nondimensional,  and 
a = -37.78 
b = 30.89 
c = -6.44 
It can be shown t h a t  e q u a t i o n  ( 2 a )  reduces  t o  t h e  d i f f e r e n t i a l  form when 
Thus , 
l i m  AXm + 0 .  
2 2.3026 oa+bz+cz dz 
The cor responding  normalized cumula t ive  mass f r a c t i o n  of s o i l  wi th  par t ic le  d i a m e t e r s  
<d is then d e f i n e d  by t h e  i n t e g r a l  of e q u a t i o n  ( 2 b ) :  
P 
F m = lap dXm ( 3 )  
An examinat ion of d a t a  f i t  i n  f i g u r e  3 i n d i c a t e s  some r e l a t i v e l y  s m a l l  h u t  
n o t i c e a b l e  d i f f e r e n c e s  among t h e  samples and also t h e  possible need f o r  a h i g h e r -  
order f u n c t i o n  such as log-normal or log-cubic  i n  o r d e r  t o  a c h i e v e  an  improved f i t ,  
e s p e c i a l l y  i f  more e x t e n s i v e  d a t a  are a v n i  lable. P r e s e n t l y ,  however, t h e  c h a r a c t e r -  
i z a t i o n  is  c o n s i d e r e d  adequate  f o r  t h e  a p p l i e d  problem i n  v i e w  of o t h e r  l a r g e  uncer-  
t a i n t i e s ,  such as t h e  i n i t i a l  ver t ical  d i s t r i b u t i o n  of e n t r a i n e d  s o i l  m a s s  a l o f t  and 
t h e  v a r i a b i l i t y  and complexi ty  of chemical  p r o p e r t i e s  as a f u n c t i o n  of s i z e .  
The normalized cumulat ive m a s s - d i s t r i b u t i o n  d a t a  f o r  a l l  f o u r  s o i l  samples are  
p l o t t e d  i n  f i g u r e  4, and t h e  d a t a  are f a i r e d  w i t h  t h e  i n t e g r a t e d  l o g - p a r a b o l i c  a i s -  
t r i b u t i o n  f u n c t i o n  (eq.  ( 3 ) )  deduced from a n a l y s i s  of f i g u r e  3. Again, t h e  d a t a  on 
d i f f e r e n t  s o i l  samples d e v i a t e  somewhat, and t h e  f i t  w i t h  e q u a t i o n  ( 3 )  could  probably  
be improved upon as p r e v i o u s l y  d i s c u s s e d .  
F i n a l l y ,  t h e  cumula t ive  s o n i c - s i f t e r  d a t a  i n  f i g u r e  4 can  be compared wi th  
t h e  independent ly  o b t a i n e d  r e s u l t s  f o r  sample 2 shown e a r l i e r  i n  t a b l e  I. For 
d > 150 p, t h e  d a t a  i n  f i g u r e  4 a g r e e  c l o s e l y  wi th  an i n t e r p o l a t i o n  of t h e  
t a b u l a t e d  r e s u l t s ,  w i t h  both  account ing  f o r  4 3  p e r c e n t  of t h e  t o t a l  mass. How- 
ever, t h e  p r e s e n t  d a t a  i n d i c a t e  a m a s s  f r a c t i o n  f o r  par t ic les  of d < 50 p 
(0.025 p e r c e n t ) ,  which i s  c o n s i d e r a b l y  smaller t h a n  t h a t  shown i n  t g b l e  I (1.05 
p e r c e n t  i f  n e g l e c t i n g  o r g a n i c  mat ter) .  These d i f f e r e n c e s  could  have stemmed from 
uneven d i v i s i o n  of t h e  o r i g i n a l  bu lk  sample, subsequent  handl ing ,  and a l so  t h e  
i n i t i a l  aqueous-peroxide-oxidat ion and drying. s tep  t h a t  w a s  used t o  a s s a y  o r g a n i c  
matter i n  t h e  d a t a  i n  table I prior t o  f r a c t i o n a t i o n .  
P 
Sedimentat ion of Ent ra ined  S o i l  Mass 
Now t h a t  t h e  p r o b a b l e  i n i t i a l  d i s t r i b u t i o n  of e n t r a i n e d  s o i l  m a s s  h a s  been 
d e f i n e d ,  it i s  p o s s i b l e  t o  c h a r a c t e r i z e  t h e  d i s t r i b u t i o n  of  soi l -par t ic le  l i f e t i m e s  
i n  a n  SRM e x h a u s t  c loud t h a t  are a r e s u l t  of any assumed i n i t i a l  c o n d i t i o n .  Sedi-  
menta t ion  ra tes  f o r  s p h e r i c a l  par t ic les  of s p e c i f i e d  d e n s i t y ,  f a l l i n g  a t  t e r m i n a l  
v e l o c i t y  i n  a i r  a t  21OC and a tmospher ic  p r e s s u r e ,  w e r e  r e a d  g r a p h i c a l l y  from refer- 
ence 13. These were o r i g i n a l l y  c a l c u l a t e d  from Stokes  l a w  f o r  par t ic les  i n  t h e  s i z e  
range  of 1 0  < d < 40 pm, and f r o m  a n  i n t e r m e d i a t e  t r a n s i t i o n  e x p r e s s i o n  ( t o  Newton's 
l a w )  f o r  par t ic les  i n  t h e  s i z e  range of 40 < d < 1000 p. P 
P 
A c h a r a c t e r i s t i c  s e t t l i n g  t i m e ,  which i s  e q u i v a l e n t  t o  t h e  a i r b o r n e  l i f e t i m e ,  
w a s ,  t h u s ,  c a l c u l a t e d  f o r  s p h e r i c a l  par t ic les  having a d e n s i t y  of 2 and 3 g/cm3 t h a t  
w e r e  f a l l i n g  1000 m i n  s t i l l  a i r .  The r e s u l t s ,  shown i n  f i g u r e  5 ,  i n d i c a t e  a l a r g e  
and s i g n i f i c a n t  v a r i a t i o n  i n  s e t t l i n g  t i m e  for  t h e  par t ic le  range of i n t e r e s t .  For 
example, when d > 200 p t h e  s e t t l i n g  t i m e  w i l l  be less t h a n  15 min, provided  t h e  
f o l l o w i n g  c o n d i t i o n s  are accepted :  ( a )  1000 m as a r e a s o n a b l e  average  i n i t i a l  h e i g h t  
f o r  t h e  ground-debris  p o r t i o n  of t h e  a l t i t u d e - s t a b i l i z e d  SRM e x h a u s t  c loud ,  and ( b )  a n  
e q u i v a l e n t  s p h e r i c a l  pa r t i c l e  d e n s i t y  which ranges  f r o m  2 t o  3 g/cm2. For smaller 
p a r t i c l e s ,  t h e  s e t t l i n g  or r e s i d e n c e  t i m e  becomes i n c r e a s i n g l y  s i g n i f i c a n t ,  e s p e c i a l l y  
w i t h  r e s p e c t  t o  c loud  microphysics  and c h e m i c a l - r e a c t i o n  processes w i t h  s u b s t a n t i a l  
P 
6 
downwind t r a n s p o r t .  S o m e  examples are 30 min f o r  100 p, 1 h r  f o r  65 p, 2 h r  
f o r  44 p, and 4 h r  f o r  30 p. 
Althouqh d e t a i l e d  c a l c u l a t i o n s  f o r  s e d i m e n t a t i o n  w i t h  c o a q u l a t i o n  have n o t  been 
made, t h e  p r e s e n t  r e s u l t s  are adequate  f o r  d e f i n i n g  t h e  f o l l o w i n g  loqical set  of 
c o n c l u s i o n s  w i t h  r e g a r d  t o  t h e  l i f e t i m e  and d i s t r i b u t i o n  of e n t r a i n e d  s o i l  i n  SRM 
e x h a u s t  c louds :  ( 1 )  Sedimenta t ion  and c o a g u l a t i o n  p r o c e s s e s  (which form agglom- 
erates from supermicron p a r t i c l e s  most ly  by i n e r t i a l  impact ion  and from submicron 
p a r t i c l e s  by Brownian d i f f u s i o n )  should  l e a d  t o  d e p o s i t i o n  of n e a r l y  a l l  t h e  
e n t r a i n e d - s o i l  m a s s  d u r i n g  t h e  f i r s t  2 hours  a f t e r  launch i n  t h e  absence of s t r o n g  
u p d r a f t s ;  ( 2 )  t h e  d i s t r i b u t i o n s  of soil p a r t i c l e s  i n  t h e  SRM c loud ,  below it, and 
d e p o s i t i n g  on t h e  ground w i l l  be s i g n i f i c a n t l y  d i f f e r e n t  a t  any g iven  t i m e  and w i l l  
change r a p i d l y  with t i m e ;  and ( 3 )  t h e  d i s t r i b u t i o n  of s o i l  p a r t i c l e s  d i f f e r s  g r e a t l y  
from t h a t  of a lumina-exhaust  p a r t i c u l a t e s ,  which tend  to  e x h i b i t  d i s c r e t e  modes a t  
roughly  0.01 pm ( f i n e - p a r t i c l e ,  high-temperature  condensa t ion  mode; p a r t i c l e s  w i l l  
c o a g u l a t e  r a p i d l y ) ,  0.1 p n  (accumula t ion  mode), and 1 t o  2 p ( c o a r s e - p a r t i c l e  
mode). (See r e f s .  7, 8, 14, and 15.) Tne observed alumina s p h e r e s  of 5 t o  20 pm 
i n  t h e  post launch-pad-debris  sample are r e l a t i v e l y  rare i n  SRM e x h a u s t  ( i n  t e r m s  of 
r e l a t i v e  number and m a s s )  b u t  n e v e r t h e l e s s  c o n s t i t u t e  a f o u r t h  c o a r s e - p a r t i c l e  mode 
f o r  t h e  alumina . 
s o i l  Elemental  Composition 
Elemental  hulk composi t ion d a t a  w e r e  o b t a i n e d  on a l l  f o u r  s o i l  samples wi th  a 
s t a n d a r d  n e u t r o n - a c t i v a t i o n - a n a l y s i s  technique  developed and a p p l i e d  by A.  K. F u r r  of 
V i r g i n i a  P o l y t e c h n i c  I n s t i t u t e  and State U n i v e r s i t y .  (See ref.  16.)  The composi- 
t i o n s  i n  u n i t s  of parts per m i l l i o n  (ppm) by m a s s  a r e  summarized i n  t a b l e  I1 f o r  a l l  
t h e  measurable e lements .  The r e l a t i v e l y  l a r g e  v a l u e s  f o r  calcium are c o n s i s t e n t  w i t h  
t h e  v i s u a l  ( i n c l u d i n g  microscopic)  appearance of s i g n i f i c a n t  numhers of s e a s h e l l  
f ragments  i n  v i r t u a l l y  a l l  t h e  samples and f r a c t i o n a t e d  subsamples.  These s e a s h e l l .  
f ragments ,  which are known t o  c o n s i s t  mostly of calcium c a r b o n a t e  a l o n g  w i t h  lesser 
q u a n t i t i e s  of magnesium and o t h e r  metal c a r b o n a t e s ,  can p r o v i d e  a s i g n i f i c a n t  
n e u t r a l i z a t i o n  c a p a c i t y  €or HC1. 
T i t r a t i o n  of S o i l  S l u r r i e s  w i t h  Aqueous HC1 
S e l e c t e d  f r a c t i o n s  of s o i l  sample 1, i n  q u a n t i t i e s  r a n g i n g  from 0.1 t o  2 g, w e r e  
s l u r r i e d  i n  100 m l  of d i s t i l l e d  w a t e r  and t i t r a t e d  i n c r e m e n t a l l y  w i t h  0.05 molar HC1. 
A p H  e l e c t r o d e  w a s  used t o  monitor  t h e  c o n t i n u o u s l y  s t i r r e d  s l u r r i e s .  I n i t i a l l y ,  a 
p r e s e l e c t e d  minimum r e a c t i o n  t i m e  of 10 min w a s  used between each r a p i d  a d d i t i o n  of 
aqueous HC1 and t h e  r e c o r d i n g  of pH. As shown i n  t h e  t i t r a t i o n  h i s t o r y  of t h e  l a r g e s t  
p a r t i c l e - s i z e  sample i n v e s t i g a t e d  (250 pn < d < 354 p) i n  f i g u r e  6 ( a ) ,  it soon 
became a p p a r e n t  t h a t  a s l o w  h u f f e r i n q  p r o c e s s  w a s  o c c u r r i n g .  Thus, t h e  "s tandard"  
sequence of r a p i d  i n c r e m e n t a l  t i t r a t i o n s ,  each fo l lowed by a IO-min s t i r r e d  r e a c t i o n  
t i m e ,  w a s  altered p e r i o d i c a l l y  t o  a l l o w  f o r  longer  t i m e s  of s p e c i f i e d ,  b u t  variable, 
d u r a t i o n .  T i t r a t i o n  w a s  t h e n  resumed a f t e r  each p r e s c r i b e d  i n t e r v a l .  Asymptotic 
" r e c o v e r i e s "  t o  quas i - s teady  p H  v a l u e s  r e q u i r e d  much l o n g e r  t h a n  10 min, and t h e  
r e s u l t i n g  e x c u r s i o n s  i n  p H  w e r e  s o m e t i m e s  very  l a r g e .  F igure  6 ( b )  p r e s e n t s  t h e  
r e s u l t s  o b t a i n e d  from t h e  149 p n  < d < 190 pm f r a c t i o n ,  which had a s i g n i f i c a n t l y  
l o w e r  n e u t r a l i z a t i o n  c a p a c i t y  t h a n  t h e  l a r g e r  par t ic les  i n  f i g u r e  6 ( a ) .  R e s u l t s  f o r  
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I n i t i a l  o b s e r v a t i o n s  which apply  t o  a l l  f i v e  f r a c t i o n s  i n v e s t i g a t e d ,  ex tending  
down t o  d > 88 p, are p r e s e n t e d  as f o l l o w s :  The soil w a s  s l i g h t l y  a l k a l i n e .  
I n i t i a l  p$s f o r  c o r r e s p o n d i n g  s i z e  f r a c t i o n s  ( g i v e n  i n  p a r e n t h e s e s )  w e r e :  9.1 
( f o r  354 t o  250 p), 8.6 ( f o r  190 t o  149 p), 8.2 ( fo r  149 t o  125 p), 7.6 
( fo r  125 to  105 p), and 7.2 ( for  105 to  88 p). The s o i l  a l s o  e x h i b i t e d  a 
s i g n i f i c a n t  c a p a c i t y  to  n e u t r a l i z e  HC1. This  c a p a c i t y  v a r i e s  w i t h  p a r t i c l e  s i z e .  
The t i m e  dependence of n e u t r a l i z a t i o n  and b u f f e r i n g  r e a c t i o n s ,  which l e d  t o  pH 
"recovery" o v e r  v a r i o u s  extended r e a c t i o n  t i m e s  , w a s  m o s t  pronounced f o r  t h e  l a r g e s t  
f r a c t i o n  b u t  w a s  s t i l l  s i g n i f i c a n t  f o r  t h e  smallest  f r a c t i o n  i n v e s t i g a t e d .  
One u s e f u l  measure of s o i l - n e u t r a l i z a t i o n  c a p a c i t y ,  which h a s  s o m e  s i g n i f i c a n c e  
i n  r e l a t i o n  t o  t h e  d e p o s i t i o n  of  h i g h l y  a c i d i c  r a i n  from SRM e x h a u s t  c louds  ( r e f s .  17 
t o  1 9 ) ,  is t h e  a b i l i t y  of s o i l  par t ic les  to  ra ise  t h e  p H  of a s t r o n q l y  a c i d i c  s o l u -  
t i o n  t o  a more moderate a c i d i t y  c o n d i t i o n ,  such as pH = 3. By account inq  €or t h e  
2 m l  o f  t i t r a n t  r e q u i r e d  t o  a c i d i f y  t h e  i n i t i a l  w a t e r  t o  pH = 3, n e u t r a l i z a t i o n  
capacities cor responding  t o  r e l a t i v e l y  lonq r e a c t i o n  t i m e s  w e r e  e s t i m a t e d  as f o l l o w s  
f o r  v a r i o u s  f r a c t i o n s :  >40 g HCl/kg s o i l  ( for  354 t o  250 p); 14 q HCl/kg s o i l  ( f o r  
190 t o  149 p); 1 8  g ( f o r  149 t o  125 p); 22 q ( f o r  125 t o  105 p); and 40 q ( f o r  
105 t o  88 p). A p l o t  of t h e s e  approximate r e s u l t s  s u q q e s t s  t h a t  a broad minimum i n  
n e u t r a l i z a t i o n  c a p a c i t y  e x i s t s  a t  a b o u t  200 p ( for  13 g HCl/kq s o i l ,  e s t i m a t e d ) ,  
w i t h  par t ic les  i n  t h e  v i c i n i t i e s  of >300 p and (100 I J ~  having  s u b s t a n t i a l l y  h i q h e r  
c a p a c i t i e s  as d e f i n e d  p r e v i o u s l y .  S i n c e  t h e  i n i t i a l  s l u r r y  pH a l s o  decreased  most 
r a p i d l y  over  t h e  s i z e  range  from 190 t o  88 p, t h e  combined r e s u l t s  s u g q e s t  a t r a n -  
s i t i o n  i n  t h e  composi t ion  of n e u t r a l i z i n g  components f o r  t h e  s m a l l e r - s i z e  f r a c t i o n s .  
I f  it i s  now assumed, i n  t h e  absence of more complete d a t a ,  t h a t  t h e r e  i s  a n  
average  t r a n s i e n t  c a p a c i t y  of 20 q HCl/kg s o i l ,  and t h i s  assumption i s  combined w i t h  
t h e  p r e v i o u s  estimates of e n t r a i n e d - s o i l  mass (10 t o  50 metric t o n s )  and of H C 1  
s o u r c e  s t r e n g t h  up  t o  2-km a l t i t u d e  ( 2 0  m e t r i c  t o n s ,  upper  l i m i t )  , a p o t e n t i a l  
n e u t r a l i z a t i o n  by s o i l  par t ic les  of  1 t o  5 p e r c e n t  of t h e  t o t a l  HC1 i n  t h e  T i t a n  I11 
ground c loud  could  occur .  
SUMMARY OF RES ULTS 
So i l  samples c o l l e c t e d  a t  v a r i o u s  d i s t a n c e s  from t h e  T i t a n  I11 Launch Complex 40 
a t  Cape Canaveral ,  F l o r i d a ,  c o n s i s t e d  p r i m a r i l y  of q u a r t z  p a r t i c l e s ,  30 t o  500 I J ~  i n  
d i a m e t e r ,  b u t  t h e  l a r g e r - s i z e  f r a c t i o n s  a l s o  c o n t a i n e d  s e a s h e l l  f ragments .  The 
ca lc ium c o n t e n t  of t h e  samples  w a s  a p p r e c i a b l e  ( 2  t o  6 p e r c e n t )  hased on t h e  neut ron-  
a c t i v a t i o n - a n a l y s e s  measurements. 
The b a s i c i t y  c h a r a c t e r i s t i c s  of s o i l  f r a c t i o n s  c o v e r i n q  t h e  p a r t i c l e - s i z e  ranqe 
f r o m  350 t o  90 w e r e  demonstrated by t i t r a t i o n  of aqueous s l u r r i e s  w i t h  0.05 molar 
HC1.  I n i t i a l l y  , a l l  t h e  f r a c t i o n s  w e r e  s l i g h t l y  a l k a l i n e .  C h a r a c t e r i s t i c  r e a c t i o n  
t i m e s ,  and capacities for  r e a c t i o n  under a c i d i c  c o n d i t i o n s ,  w e r e  b o t h  s i q n i f i c a n t  and 
v a r i a b l e  w i t h  s i z e .  With d e c r e a s i n q  s i z e ,  lonq-term r e a c t i o n  c a p a c i t y  t o  pH = 3 
a t t a i n e d  a broad minimum of  1 3  q HCl/kq s o i l ,  c e n t e r e d  a t  ~ 2 0 0  pm. S ince  t h e  reac- 
t i o n  capacities of p a r t i c l e s  smaller t h a n  190 p i n c r e a s e d  s y s t e m a t i c a l l y  t o  040 a t  
105 t o  90 pn, whereas t h e  i n i t i a l  s l u r r y  pH d e c r e a s e d  from 8.6 t o  7.2,  a t r a n s i t i o n  
i n  t h e  composi t ion of n e u t r a l i z i n q  components o c c u r r e d  € o r  t h e s e  f r a c t i o n s .  For a 
major p o r t i o n  of t h e  s o i l  ( > 9 0  p e r c e n t  by m a s s  € o r  >165 p), t h e  b a s i c i t y  charac-  
t e r i s t ics  i n  aqueous phase  appear t o  be dominated by ca lc ium-conta in inq  s e a s h e l l  
f raqments .  
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T o t a l  a i r b o r n e  l i fe t imes of exhaus t -en t ra ined  s o i l  par t ic les  g r e a t e r  t h a n  
165 p are c o n s e r v a t i v e l y  less than  30 min. 
occur ,  fol lowed by vapor condensa t ion  and r e a c t i o n  w i t h  H C l ( a q ) ,  which is known t o  be 
p r e s e n t  i n  a younq SRM e x h a u s t  c loud ,  t h i s  major f r a c t i o n  would r e p r e s e n t  a s m a l l ,  b u t  
measurable ((5 p e r c e n t )  shor t - te rm chemical  s i n k  for HC1. A d d i t i o n a l  removal of 
a t t a c h e d  e x c e s s  H C l ( a q )  would e f f e c t i v e l y  i n c r e a s e  t h i s  p e r c e n t a g e .  However, t h e  
p o s s i b l e  r o l e s  of t h e  s m a l l e r  ( < I 0  p e r c e n t  by mass f o r  < I 6 5  p) minor f r a c t i o n s  m u s t  
a l so  be cons idered .  T h e i r  a i r b o r n e  l i f e t i m e s  become p r o q r e s s i v e l y  lonqer ,  a d s o r p t i o n  
of HC1 and water w i l l  s i g n i f i c a n t l y  i n c r e a s e  t h e i r  p o t e n t i a l  a c t i v i t y  as g i a n t  c l o u d  
condensa t ion  n u c l e i  ( > 5 0  p),  and t h e i r  subsequent  aqueous r e a c t i v i t y  p e r  u n i t  of 
mass tends to  i n c r e a s e  i n  b o t h  ra te  and e x t e n t .  
S ince  a d s o r p t i o n  of HC1 and H 2 0  w i l l  
CONCLUDING REMARKS 
The p r e s e n t  d i f f e r e n t i a l  and cumulat ive soil-mass s i z e  d i s t r i b u t i o n s ,  s e d i -  
menta t ion  l i f e t i m e s ,  mineralogy,  e l e m e n t a l  composi t ions ,  and HC1 t i t r a t i o n  r e s u l t s  
c o n s t i t u t e  some of t h e  b a s i c  i n f o r m a t i o n  needed to  assess Kennedy Space Center  s o i l  
i n t e r a c t i o n s  i n  sol id-rocket-motor  (SRM) c l o u d s ,  p r o v i d e d  t h a t  an  i n i t i a l  v e r t i c a l  
d i s t r i b u t i o n  of e n t r a i n e d - s o i l  mass is  s p e c i f i e d .  With r e s p e c t  t o  t h e  ra te  and 
e x t e n t  of chemical  r e a c t i o n s  wi th  aqueous HC1, t h e  demonst ra ted  t i m e  dependency of  
n e u t r a l i z a t i o n  and b u f f e r i n g  i s  a compl ica t ion  f a c t o r .  This t ime-dependent 
n e u t r a l i z a t i o n  n o t  o n l y  i n f l u e n c e s  t h e  a b i l i t y  t o  deduce HC1 scavenging w i t h  r e a c t i o n  
p r i o r  to  d r y  o r  w e t  d e p o s i t i o n  b u t  it a l s o  s i q n i f i c a n t l y  a f f e c t s  t h e  accuracy  of 
measured chemical  composi t ions  of n e a r - € i e M  w e t  d e p o s i t i o n  o c c u r r i n q  d u r i n q  t h e  
f i r s t  few minutes and l a s t i n q  up t o  s e v e r a l  hours .  
Langley Research Center  
N a t i o n a l  Aeronaut ics  and Space Adminis t ra t ion  
Hampton, VA 23665 
September 1 3 , 1 982 
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F i g u r e  1.- Raw-mass-distribution d a t a  f o r  KSC s o i l  sample 1 .  
G r a v i m e t r i c a l l y  determined a f t e r  s e q u e n t i a l  s i f t i n g  w i t h  
c a l i b r a t e d  s i e v e  s c r e e n s .  Loqari thmic i n t e r v a l  s p a c i n g s  
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Figure 2.- Normalized cumula t ive  mass d i s t r i b u t i o n  of KSC s o i l  sample 1 
and a pos t launch-pad-debr i s  sample. 
14 
l oo  










































- 1  




Adp =p dp - d p  I l l  
" " i '  I 
; 
I 
Soil s a m p l e s  







Fiqure  3. -  Normalized d i f f e r e n t i a l  mass d i s t r i b u t i o n s  of 
KSC s o i l  samples 1 t o  4 f a i r e d  w i t h  a b e s t - f i t  normalized 
l o g - p a r a b o l i c  d i s t r i b u t i o n  f u n c t i o n .  D a t a  on f i v e  l a r q e s t -  
s i z e  f r a c t i o n s  w e r e  reduced t o  c o i n c i d e  w i t h  i n d i c a t e d  
M - s i z e  i n t e r v a l .  
P 
15 
i o  
. .  . 
I . '  
Soil samples . ! 









. .  




Figure  4.- Normalized cumula t ive  mass d i s t r i b u t i o n s  of 
KSC s o i l  samples  1 t o  4 f a i r e d  wi th  i n t e g r a t e d  loq- 
p a r a b o l i c  d i s t r i b u t i o n  f u n c t i o n  deduced i n  f i q u r e  3. 
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Figure 5 .- Characteristic s e t t l i ng  time required for spherical par t ic les  of 
various densit ies to f a l l  1000 m a t  terminal velocity i n  s t i l l  a i r  a t  2 l o C ,  
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2 1  2 ml t i t r a n t  
2 1  
H C 1  added t o  s o l u t i o n  p e r  kg of soil sample, g 
( a )  2.18 g of s i z e  f r a c t i o n ;  250 p < d < 354 p; i n  100 m l  of water. 
Piqure 6.- Resu l t s  of time-sequenced t i t r a t i o n s  of s l u r r i e d  f r a c t i o n s  of KSC soil sample 1 
P 
wi th  0.05 molar HC1. Fach pH value  was recorded a f t e r  10 min of s t i r r i n q  excep t  where 
minutes are noted on qraph. 
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m 
H C 1  added to solution per kg of soil sample, g 
(b) 1.57 q of s i z e  f r ac t ion ;  149  pn < d < 190 pin; i n  100 ml of water. 
Figure 6 .- Continued. 
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H C 1  added to s o l u t i o n  per kg of soil sample, g 
( c )  0.683 9 of s i z e  f r a c t i o n ;  1 2 5  p < d < 149 p; i n  100 ml of water, 
Figure 6 .- Continued. 
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HC1added t o  solution per kg of s o i l  sample, g 
( d )  0.165 g of s i z e  f r a c t i o n ;  105 p < d < 125  pm; i n  100 ml of water. 
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HC1 added t o  solution per  kg of soil sample, g 
( e )  0.101 g of s i z e  f r a c t i o n ;  88 p < d < 105 p; i n  100 ml of water. 
Figure 6 .- Concluded . 
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